The light (M ≤ 20 MeV) dark matter particles freeze out after neutrino decoupling. If the dark matter particle couples to neutrino or electromagnetic plasma, the late time entropy production by dark matter annihilations can change the neutrino-to-photon temperature ratio, and equally effective number of neutrinos N eff . We study the effect of dark matter annihilations in the thermal equilibrium approximation and non-equilibrium method (freeze-out mechanism), and constrain both results with Planck observations. We demonstrate that the bound of dark matter mass and the possibility of the existence of extra radiation particles are more tightly constrained in the non-equilibrium method. 
I. INTRODUCTION
Photons and neutrinos are lightest particles in the Standard Model (SM), and give the radiation energy density at late times of early universe. The SM neutrino species contributes three degrees of freedom, since there are exactly three neutrino mass eigenstates (ν 1 , ν 2 , ν 3 ), corresponding to the three flavor eigenstates (ν e , ν µ , ν τ ) of the weak interaction. The weak interactions that keep neutrinos in thermal contact with the electromagnetic plasma become ineffective around a second after the Big Bang. Neutrinos decouple at a temperature of order 2 − 3 MeV before e ± pairs annihilate, and thus do not share in the entropy transfer from e ± pairs. It causes neutrino temperature to be less than photon temperature later. However, neutrino decoupling is not quite complete when e + e − annihilation began, so some of the energy and entropy of photons can transfer to neutrinos. If the dark radiation density is parameterised in terms of the number of effective neutrino species N eff with the canonical neutrino-to-photon temperature ratio, N eff increases to slightly more than three neutrino species, leading to N SM eff = 3.046 [1, 2] . Because the number of effective neutrino species N eff is precisely predicted in the SM, this can give a robust constraint to any nonstandard physics. For example, new relativistic particles, such as light sterile neutrino [3] or Goldstone boson [4] which has its decoupling temperature less than 100 MeV, arise in many extensions of the SM, and the existence of them will contribute to the dark radiation energy density.
This scenario is, however, strongly excluded at over the 3σ level in the latest Planck analysis [5] , unless photons or electrons (positrons) are heated at later time [6] [7] [8] [9] .
According to the recent analysis of the cosmic microwave background (CMB) temperature anisotropy by the Planck satellite [5] , they found N eff = 3.15 ± 0. 23 Therefore, we will use Planck results to constrain the dark radiation in this work, and the BBN results are considered in case.
Recently, the light weakly interacting massive particle (WIMP) [16] [17] [18] [19] [20] [21] , which can be understood as a dark matter (DM), got some attention, because the existence of a light WIMP can modify the early universe energy and entropy densities, so that it might be able to explain possibly a small difference of N eff from the prediction or to avoid the tight constraint of experimental measurements for the existence of any other radiation particle.
If DM particles couple to the SM particles (neutrinos, or photons and e ± pairs) and are sufficiently light (M ≤ 20 MeV) to annihilate after neutrino decoupling, the late time annihilation of the DM will heat either neutrinos or photons. This will affect neutrino-tophoton temperature ratio and give a contribution to the number of effective neutrino species N eff . This scenario was studied in the equilibrium version for neutrino heating [7, 8, 22] and photon heating [6] [7] [8] [9] . The equilibrium version is, however, a rough approximation, because DM particles are nonrelativistic at freeze-out 1 . If the DM particles are relativistic at the DM decoupling, they will decouple at the equilibrium concentrations such as the behavior of light or massless neutrinos. Mostly, WIMPs are nonrelativistic at freeze-out due to their weak interaction rate with the thermal background, and the evolution of the number of WIMPs depends upon the annihilation cross section. Here, the Boltzmann equation is applied to the time-evolution of the DM number in spatially homogeneous and isotropic universe. We treat an adiabatic expansion of the universe, so that the total entropy stays constant and the second law of thermodynamics can be applied to the entropy (temperature) evolution of the produced relativistic particles. The parameter that determines the dark radiation energy is the DM mass M , so it will be the parameter (M ) that we will constrain. We start to review the DM number evolution on the expanding universe and the dark radiation (N eff ) in equilibrium approximation. Then, we study the out-of-equilibrium light particle production, its entropy (temperature) evolution and its effect on the dark radiation. The possibility of the existence of new light species (equivalent neutrinos) is also investigated.
II. THEORETICAL DETAILS AND NUMERICAL RESULTS
The dark energy density of the universe ρ DR is parameterised in terms of the energy density of photons ρ γ and the effective number of neutrinos N eff with the neutrino-to-photon temperature ratio of the SM,
The factor 7/8 is due to the effect of Fermi-Dirac statistics on energy density. The exact formula of N eff depends on scenarios (models). Since the temperature will be changed in our scenario, N eff can be expressed by
We have assumed that DM particles are nonrelativistic at the time we consider, for example, the time of DM freeze-out or recombination. The BBN imposes limits on N eff at the photon temperature around 1 − 0.1 MeV, and any additional dark radiation particle is unfavorable from BBN considerations though there is still a small possibility. If a DM particle is relativistic in the BBN era, it becomes a dark radiation particle. We investigate the effect of DM annihilations for the DM mass range of 0.1 − 20 MeV. The ratio of neutrino to photon temperatures can be determined by considering entropy conservation, because the total entropy stays constant in adiabatic expansion of the universe. After neutrino decoupling, the primeval plasma would consist of two decoupled components, the electromagnetic and three neutrino ones. The entropy of the neutrino and electromagnetic plasmas are thus separately conserved, and this must serve as an efficient tool for the study of dark radiation here.
There are two independent thermal baths after neutrino decoupling, and we will consider the DM interaction (annihilation) 2 in each thermal bath. Here, the DM particle always interacts with the plasma in thermal bath a, and the thermal bath b is not relevant to the DM interaction, i.e., a, b = ν or γ, but a = b.
A. Dark Matter Number Evolution
DM particles were in the thermal contact with the rest of the cosmic plasma at high temperatures, but they would experience the freeze-out at a critical temperature. In this case, we should consider the Boltzmann equation for DM number evolution. Since the DM interacts with one of the plasmas, we express the comoving number density about the temperature of the plasma which is not relevant with the DM. This notation is very useful later because one plasma can be always in the thermal equilibrium. If the DM interacts with the plasma in a thermal bath a, the evolution equation for the comoving number density Y (≡ n DM /s b ) with respect to the inverse temperature x b (≡ M/T b ) of the other thermal bath
where H is the Hubble parameter, s b is the entropy density in the thermal bath b and Y eq (= n eq /s b ) is the equilibrium number density. This equation is not meaningful in case that Y = Y eq . This becomes a usual fluid equation in the thermal equilibrium. We parameterize the annihilation cross section as σv = σ 0 x −n b in which n = 0 for s-wave annihilation and n = 1 for p-wave annihilation. The above equation can be reduced to
where g * and g b * s are the effective relativistic degrees of freedom for energy density and entropy, and m PL is the Planck mass.
Unfortunately, there is no analytic solution of Eq. (4). Fig. 1 shows the result of numerical solutions for the s-wave annihilation into neutrinos (left panel) and p-wave annihilation into photons (right panel). The residual annihilations of the DM into photons can distort the CMB spectrum [23, 24] . This effect excludes the DM with masses less than 10 GeV by the s-wave annihilation into photons. The effect is negligible for the p-wave annihilation which is velocity dependent, and so this bound can be evaded. For the annihilation into neutrinos, we assumed that the same number of neutrinos and antineutrinos of each type was produced in the DM annihilation. The number of the effective relativistic degrees of freedom g b * s is not relevant with the DM or its production. We could take the value on the SM base. The g * is taken as a constant g * in an average. The curves were made with the proper values of σ 0 g −1/2 * in the agreement of the current DM relic density for several possibilities (a Dirac fermion, Majorana fermion, complex scalar and real scalar) with a DM mass of 10 MeV. As we expected, the DM number track the equilibrium distribution at very high temperatures, x b < 1. The solution of the Boltzmann equation starts to deviate significantly from the equilibrium abundance at around x b ∼ 10 − 11. Notice that the equilibrium number densities about the temperature are slightly different for particle species. This can be a means to distinguish the nature of the particle.
B. Thermal Equilibrium Approximation
DM particles are assumed to be kept in thermal contact with one of plasmas after neutrino decoupling, and they suddenly decouple at some point. The DM and its products can be expressed by Fermi-Dirac or Bose-Einstein statistics in this case. There can be more particle species in the thermal bath a, so we will use the entropy density s a ≡ to define the number of the effective relativistic degrees of freedom 3 g a * s (T a ) in which ρ a is the energy density and p a is the pressure. The energy density ρ a and the pressure p a are expressed by
where g i is the internal degree of freedom for the corresponding particle i,
is the energy with mass m i and +(−) sign is for fermions (bosons). We set the chemical potentials to zero. The number of the effective relativistic degrees of freedom is given by
Since the entropy in each thermal bath is conserved after neutrino decoupling, the tempera-
in which R is the scale factor. We can find the temperature ratio at the DM decoupling time if we know the temperature ratio at a certain time (the time of neutrino decoupling). The temperature ratio at the DM decoupling time
where T νd is the neutrino decoupling temperature in which photon and neutrino temperatures are the same, T aD (T bD ) is the neutrino or photon temperature 4 at DM decoupling. This formula can be approximated to the temperature ratio at late times, i.e., temperatures T a , T b less than the decoupling temperatures. Since the DM decoupling occurs at x D ∼ 18 as we see in the subsection A, there must be almost no DM contribution to the relativistic degrees of freedom g a * s (T aD ). We remove the tilde. The temperature ratio after the DM decoupling is then given by
We now determine N eff in each case. If the DM particle interacts with neutrino (a = ν and b = γ), the electromagnetic plasma is not relevant to the DM interaction. we can identify 3 The mark " ∼ " places on top of the symbol of the number of the effective relativistic degrees of freedom to indicate the DM inclusion. If there is no mark " ∼ ", the DM is excluded. 4 Notice that one of the DM decoupling temperatures is determined when the equilibrium DM number is the same as the present-day DM relic density, Y eq (T bD ) = Y 0 . (g
We get the effective number of neutrino species from Eqs. (2) and (9) ,
For electromagnetic coupled DM (a = γ and b = ν), there is only one species in the neutrino thermal bath, ν. Then, the effective relativistic degrees of freedom g ν * s (T ν ) will be the same at any time.
1/3 , we get the effective number of neutrino species
In Fig. 2 we show the numerical result of the N eff − M relation for several possibilities (a Dirac fermion, Majorana fermion, complex scalar and real scalar) of neutrino coupled DM particles by the upper set of curves and electromagnetically coupled DM particles by any other dark radiation for dark matter particles in the thermal equilibrium with neutrinos or electromagnetic plasmas. The mark '−' indicates that the limit is irrelevant. The symbol "S" stands for scalar and "F" for fermion. the lower set curves. We have implicitly assumed that the neutrinos decouple at T νd ≈ 2.3
MeV [25] [26] [27] . In the case that DM particles are in equilibrium with neutrinos, N eff increases for lighter DMs. Conversely, N eff decreases in equilibrium with electromagnetic plasma. We put a bound on the DM mass by requiring that N eff is compatible with the measured value from Planck [5] , and it is listed at Table. I. If there is a significant, but small, density of additional radiation, it can be explained by the neutrino coupled DM with mass around 10 MeV. We should notice that the dark radiation predictions in the existence of light DM particles are different for particle species. There is still enough room for the existence of the extra dark radiation particle such as sterile neutrino or Goldstone boson which has its decoupling temperature less than 100 MeV, allowed for the electromagnetically coupled DM.
C. Out-of-Equilibrium Production
As we can see in Fig. 1 , there is a smooth transition between two regimes, before and after DM freeze-out, and DM particles does not track significantly the equilibrium from x b ∼ 10 − 11. We cannot use the equilibrium thermal dynamics for consideration of the smooth transition. We can instead apply the second law of thermodynamics for the change in entropy of relativistic particles in the adiabatically expanding universe,
where dQ = d (R 3 ρ DM ) is the heat added per comoving volume due to the DM annihilations.
Since the number of DM particles is reduced by their annihilation at the temperature less than its mass, the energy density of DM can be described in its nonrelativistic approximation,
The change in entropy 5 is given by
where i is an initial point. We consider the initial point at neutrino decoupling time, because it is the last point in which neutrinos and photons are in thermal contact. DM particles must be in thermal equilibrium in the thermal bath a at the initial point. Our observation point is the recombination time, long time later after the freeze-out. It must be enough time that the produced particles are thermalized in the thermal background. The change in entropy can be then expressed by
The temperature ratio is determined by a combination of Eqs. (13) and (14),
where T ai is, according to Ref. [6] , almost the same as the neutrino decoupling temperature described in the SM of the DM absence. Using the entropy conservation (g
the SM, we can approximate the first term of Eq. (15) . Then the temperature ratio is given
where we introduced the integration method by parts in convenience for numerical computations. The first term on the right hand side of Eq. (16) is just the original temperature ratio in radiation, and the second term represents a contribution by the DM annihilation. We can then express the temperature ratio in each case, neutrino coupled DM (a = ν and b = γ) and electromagnetic coupled DM (a = γ and b = ν).
We show the numerical result of the N eff − M relation for neutrino coupled DM by the upper set of curves and electromagnetically coupled DM by the lower set curves in Fig. 3 .
The basic arguments are the same as in the equilibrium approximation of the subsection B.
The bounds on the DM mass with the measured value from Planck are also listed at Table. II, as well as possibility of the existence of extra dark radiation particles for the electromagnetically coupled DM. This method gives much tighter constraint to the bounds of the DM 5 Notice that the plasma in the thermal bath b is always in the thermal equilibrium because it is not relevant to the DM interaction, and so the entropy S b is constant. mass, and also gives tighter constraint to the existence of additional dark radiation particles for electromagnetically coupled DM. We interpret the reason in the following way. DM particles annihilate more slowly and smoothly into SM particles. The slower annihilation results in the smaller expansion, eventually smaller size of the universe later. The same amount of relativistic particle number must be produced by DM annihilations in equilibrium and nonequilibrium methods. The predictions of energy density are however different, because their annihilating period is different.
III. CONCLUSIONS
The light (M ≤ 20 MeV) dark matter particles freeze out after neutrino decoupling. If dark matter particles interact with neutrino or electromagnetic plasma, the late time entropy production can change the neutrino-to-photon temperature ratio, equally effective number of neutrinos N eff . If there is a significant, but small, density of additional radiation, it can be explained by the neutrino coupled DM with mass around 10 MeV. The effective number of neutrino species N eff is reduced by photon heating. In this case, the existence of additional dark radiation particles can help to interpret agreement of the current observations. The dark matter particles are nonrelativistic when they decouple, so we used the freeze-out (outof-equilibrium) mechanism besides the thermal equilibrium approximation. The dark matter particles smoothly annihilate into the SM particles. The slower annihilation eventually results in the smaller expansion rate (eventually smaller size of the universe later). Although the same amount of relativistic particle number is produced by dark matter annihilations in the equilibrium approximation and the nonequilibrium method, the predictions of the energy density at late times are different. We demonstrated that the bound of dark matter mass and the possibility of the existence of extra radiation particles were more tightly constrained in the nonequilibrium method.
